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The causes of the Mid-Pleistocene Transition, the shift from
~41-ky to 100-ky interglacial-glacial cycles and more intense ice
ages, remain intensely debated, as this fundamental change
occurred between ~1,250 and 650 ka without substantial changes
in astronomical climate forcings. Recent studies disagree about the
relative importance of events and processes in the Northern and
Southern Hemispheres, as well as whether the shift occurred grad-
ually over several interglacial-glacial cycles or abruptly at ~900 ka.
We address these issues using a north-to-south reconstruction of
the Atlantic arm of the global meridional overturning ocean circu-
lation, a primary means for distributing heat around the globe,
using neodymium (Nd) isotopes. Results reveal a period of intense
erosion affecting the cratonic shields surrounding the North Atlan-
tic between Marine Isotope Stages (MIS) 27 and 25 (~980 and 950
ka), reflected by unusually low Nd isotope ratios in deep North
Atlantic seawater. This episode preceded a major ocean circulation
weakening between MIS 25 and 21 (950 and 860 ka) that coincided
with the first ~100-ky-long interglacial-glacial onset of Northern
Hemisphere glaciation at around 2.4 to 2.8 Ma. The data point to a
Northern Hemisphere-sourced initiation for the transition, possi-
bly induced through regolith loss and increased exposure of the
crystalline bedrock, which would lead to increased friction,
enabling larger ice sheets that are characteristic of the 100-ky
interglacial-glacial cycles.

Mid-Pleistocene Transition | Nd isotopes | paleocirculation | regolith
hypothesis | AMOC structure

arth’s climate changed fundamentally between ~1,250 and

650 ka, when the dominant glacial-interglacial variability
shifted from ~41- to ~100-ky cycles and more intense glacials
(1). The absence of significant changes in the Milankovitch
astronomical climate forcings during this Mid-Pleistocene Tran-
sition (MPT) means that the primary climatic shifts occurred
through nonlinear responses within the ocean—atmosphere—
cryosphere system (e.g., ref. 2). While contributing events
occurred in both the Northern (3-7) and Southern Hemi-
spheres (8-12), the question of whether the cyclicity shift was
driven primarily from the north or the south remains a major
unresolved controversy. Some studies attribute the shift to
long-term processes that occurred over several glacial cycles
(e.g., refs. 1, 3, 4, 13, and 14), while others center the transition
between Marine Isotope Stages (MIS) 24 and 22 (~930 to
~870 ka) and characterize the MPT as abrupt (“the 900-ka
event”; refs. 8 and 11). Proposed drivers include long-term
sea-surface and deep-water cooling (3, 4, 8), Southern and/or
Northern Hemispheric sea-ice expansion (9, 15), decreased
atmospheric CO, (12, 16, 17), increased ice-sheet stability
(1, 14), and changes in the Atlantic meridional overturning
ocean circulation, or AMOC. Given these disagreements and
the large number of possible drivers, it is critical to constrain
the timing, duration, and locations of the major events and
processes that led to this profound climate-cycle shift and the
dominance of 100-ky interglacial-glacial cycles.
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Coeval changes in CO, and continental ice-sheet dynamics
are tightly linked to changes in the AMOC (7, 10, 11, 18-20),
and in particular the southward transport of past analogs of
present-day North Atlantic Deep Water (NADW, henceforth
termed “northern-sourced water,” NSW, when referring to the
past). In the modern ocean NSW formation occurs due to wind
stresses that transport equatorial surface warm waters toward
higher latitudes, which in turn causes evaporation and cooling
that generates density gradients and eventually the sinking of
cold and salty waters in the North Atlantic. This deep water
mass can be traced all the way to the southern latitudes and
into other oceans (20). This meridional prominence of NSW in
the Atlantic basin has been shown to wane during glacials and
wax during interglacials (e.g., refs. 7 and 20-22). Whether these
glacial-interglacial structural changes are also reflected in the
southward fluxes of NSW is a matter of debate, and although
the availability of tracer data has increased over the past
decade, there is currently no ocean circulation scenario that
agrees with all the available data and models (23). While some
geochemical evidence and modeling studies point to sustained
NSW cell activity, for example during the last glacial maximum
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(e.g., refs. 24 and 25), others indicate shoaling and/or weakened
strength of NSW southward transport over the Pleistocene gla-
cials (20, 21, 26-28). Nevertheless, Atlantic Ocean deep water-
mass meridional geometry reconstructions can help to decipher
the timing and source locations for events and processes that
preceded and thus likely impacted the MPT.

Pena and Goldstein (7) showed using Nd isotopes that the
water mass structure of the AMOC in the southeast Atlantic
changed significantly between MIS 25 and 21 (~950 and 860
ka) compared to previous interglacial-glacial cycles. The previ-
ous cycles lasted ~41 ky with relatively small differences in the
signature of NSW between interglacial and glacial eNd values.
They noted that the transition from MIS 25 to 24 was charac-
terized by a significant weakening of the NSW signal to levels
more typical of post-MPT glacials. This weakened NSW signal
persisted through interglacial MIS 23 and glacial MIS 22, with
recovery toward stronger NSW signatures only occurring at
MIS 21. They also observed that MIS 23 is the only known
interglacial in which the NSW eNd signature did not
strengthen. MIS 25 to 21 also marked the first 100-ky-long
interval where the AMOC structure was similar to post-MPT
glacials, and they termed it the “MPT ocean circulation crisis.”
The importance of this time interval was recognized previously
as it includes the 900-ka event. However, the Pena and Gold-
stein data (7) were limited to the far South Atlantic (Ocean
Drilling Program [ODP] Sites 1088 and 1090, recovered from
the upper and lower present-day boundaries of NADW; SI
Appendix, Fig. S1) and did not address the extent of the
AMOC-structure changes throughout the rest of the Atlantic
basin over this interval. Here we term this same time interval
between MIS 25 and 21 the “MPT-AMOC disruption” (with no
implications in this study for changes in the AMOC flux
strength), which our data, as described below, show can be
observed throughout the Atlantic basin. The term “disruption”
is used to describe the stark change in the ocean water mass
structure and its timescale (lasting through MIS 25 to 21) com-
pared to the previous ~0.5 Ma in our record.

The current study uses Nd-isotope ratios in Fe-Mn-encrusted
foraminifera and fish debris in dated deep sea cores along a
north-south Atlantic transect (Fig. 1 and SI Appendix, Fig. S1),
representing the coeval seawater at each site through time, to
trace changes in the AMOC water-mass structure through the
MPT interval (SI Appendix, Fig. S2). The results yield insights
into events that preceded the shift to ~100-ky cycles, reflecting
changes in the Northern Hemisphere ice sheets that likely initi-
ated the MPT-AMOC disruption and resulted afterward in lon-
ger and more stable glacial periods.

The Meridional eNd Transect Reflects Past Atlantic Ocean
Deep Water-Mass Structure

Nd isotope ratios, presented as **Nd/***Nd or eNd values, vary
in rocks and waters as a result of radioactive a-decay of '*’Sm
to '*3Nd (half-life = 106 Gy) and the preference of Nd over Sm
to enter the liquid phase during melting of Earth’s mantle. This
has resulted in the continents having low Sm/Nd and
143N d/"**Nd ratios compared with the mantle. eNd is the devia-
tion, in parts per 10,000, of the 3NJ/Nd ratio of a sample
from the value of chondritic meteorites, often called the Chon-
dritic Uniform Reservoir, or CHUR, taken to represent the
average composition of the solar system and the silicate Earth,

N/ Ndsampie 4 .
NG N 1] x 10", This study references the

eNd values to an estimated average chondrite value of
MNd/MNd = 0.512638 (29). Mantle-derived rocks and young
continental rocks have positive eNd values, whereas older conti-
nental rocks have negative eNd values, becoming systematically
more negative with increasing crustal age.
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The ocean residence time of Nd has been estimated to be
~500 to 1,000 y, shorter than or similar to the ocean mixing
time (30, 31); thus, both Nd concentrations and eNd are inho-
mogeneous throughout the deep ocean. In the present day eNd
has been shown to trace the movement of the major deep
ocean water masses (a more comprehensive explanation of Nd
isotopes in the oceans is given in SI Appendix, section 1). Over
the past ~2 Ma the evidence indicates that the North Atlantic
and North Pacific deep water mass end-members have sus-
tained distinctive eNd values of about —14 vs. ~—4, respectively
(SI Appendix, Fig. S3), and temporal changes at in-between
locations can be used to trace changes in the water-mass struc-
ture (32-37). For Nd isotopes to robustly trace past changes in
the water-mass structure at locations in between the end-mem-
bers, eNd values should show systematic geographic gradients.
At each site in the Atlantic and at each point in time a weak-
ened southward NSW signature and an increased northward
signature of southern-sourced water (SSW) would be reflected
by higher (more Pacific-like) eNd values, and, likewise,
increased dominance of NSW would be indicated by lower eNd
values (7). These conditions are borne out by the data (Fig. 1
and SI Appendix, Fig. S2).

Comparison of the eNd records in our Atlantic transect (Fig.
1 and SI Appendix, Fig. S2) shows that they trace the temporal
variability of the meridional AMOC structure, rather than the
effects of sediment Nd exchange or Nd contributions from
regional sources along the meridional water-mass transport
paths (35, 38, 39), for several reasons. First, as expected for
glacial-interglacial AMOC changes (21), glacial eNd values are
nearly always more positive than neighboring interglacial val-
ues. There are two exceptions, both significant. One is a critical
event during MIS 27 to 25 in the North Atlantic Deep Sea Dril-
ling Project (DSDP) Site 607 (SI Appendix, Fig. S1) to be fur-
ther discussed below. The other is the observation by Pena and
Goldstein (7) that recognized the MPT-AMOC disruption in
South Atlantic Sites 1088 and 1090, whereby MIS 23 does not
show more negative eNd than bracketing glacials MIS 24 and
MIS 22 (SI Appendix, Fig. S2). Second, at all locations and
times the eNd values are more negative in samples expected to
have higher NSW. That is, the north-to-south NSW-SSW gra-
dients expected from AMOC mixing relationships are main-
tained throughout the record. The eNd values in closely spaced
Equatorial ODP Sites 929 (40) and 926 (SI Appendix, Fig. S1)
provide further evidence that the data express the AMOC
structure through time. Site 929 is deeper (4,356 vs. 3,599 m)
and consistently records more positive eNd values (SI
Appendix, Fig. S24), indicating greater deep-SSW influence, as
expected from its greater depth, even though it is located
slightly farther north (6°N vs. 3°N; ST Appendix, Fig. S1). Third,
during interglacial maxima the eNd values at the North Atlantic
Site 607 remain close to present-day NADW (~—13.5), both
before and after the MPT-AMOC disruption (Fig. 1D and SI
Appendix, Fig. S24), consistent with previous studies showing
that the NSW range during interglacials has remained similar
since the mid-Pleistocene (refs. 7, 41 and 42, SI Appendix, Fig.
S3, and see Fig. 3). Fourth, eNd values through the Atlantic
transect remain between the North Atlantic and North Pacific
global end-members at all times. Fifth, eNd in all the cores
shows negative covariations with benthic 5°C (SI Appendix,
Figs. S4 and S5), expected if these proxies reflect
glacial-interglacial AMOC changes (that is, excluding MIS-27
to MIS-25 data, discussed in more detail below). All these
observations, taken together, provide strong evidence that the
eNd data from all these cores reflect the AMOC structure.
While a clear quantitative framework for accurately estimating
the end-member mixing proportions or AMOC vigor is not yet
available (for example, mixing depends on concentrations as
well as isotope ratios, and Nd concentrations of the end-
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Fig. 1. Comparison of glacial and interglacial maxima eNd for the meridional transect. The time series is divided into three time windows: pre-AMOC-dis-
ruption refers to MIS 39 to 25 (~1,260 to 950 ka), MPT-AMOC disruption to MIS 25 to 21 (950 to 860 ka), and post-AMOC-disruption to MIS 21 to 15
(~860 to 600 ka). Open symbols are glacial maxima and solid symbols are interglacial maxima. (A) LR04 benthic 5'80 stack (78). (B) Mean summer insola-
tion (MSI) at 65°N. (C) Glacial maxima eNd and (D) interglacial maxima eNd. Data are from DSDP Site 607 (violet; refs. 22 and 41), ODP Site 926 (blue; ref.
77), and previously published data from ODP Sites 1267 (yellow; ref. 10), 1088 (dark orange; diamonds represent ref. 83 and circles represent ref. 7) and
1090 (7). The shaded vertical green band highlights the MPT-AMOC disruption and the horizontal gray bands represent the present-day NADW eNd value
(47). The interval between MIS 28 and 24 in C and MIS 27 and 25 in D in North Atlantic Site 607 represents the MIS-27-to-25 eNd excursion (bright green
vertical shaded band); the purple star represents a negative eNd excursion within MIS 26 that includes ice-rafted detritus (S/ Appendix, Fig. S7), reflecting
breakdown of the Northern Hemisphere ice sheet prior to the MPT-AMOC disruption.

members through time are not well-constrained), the meridio-  locations through time that can be compared to other climatic
nal relationships between these core records strongly support  records. The observed relationships are consistent with
the utility of eNd as a measure of the impact/dominance of the  interglacial-glacial changes in the AMOC structure, but they
North Atlantic and Pacific end-members at intermediate are unexpected for virtually any other scenario, for example
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where Nd isotopes are impacted at a site by regional continen-
tal or sea-floor sediment sources (SI Appendix, section 2 and
refs. 35, 38, 43, and 44).

The Deep North Atlantic Leading up to the ~100-ky World

The new transect reveals the Atlantic deep water-mass struc-
ture during the lead-up to the MPT. All sites show smaller
glacial-interglacial eNd variability prior to the MPT-AMOC
disruption (during MIS 39 to 25, ~1,280 to 950 ka) compared
to afterward (MIS 21 to 15, ~860 to 610 ka). That is,
glacial-interglacial eNd differences are greater in the 100-ky
world, with glacials showing more positive eNd values (Fig. 1
and SI Appendix, Fig. S6 and Table S6), indicating a weakened
NSW/stronger Pacific signature throughout the Atlantic during
glacials following the MPT-AMOC disruption. Between MIS 39
and 26 (1,280 to 965 ka) at North Atlantic Site 607, interglacial
eNd values remain close to the present-day NADW value, indi-
cating similar interglacial conditions throughout, whereas gla-
cial eNd are more variable (Fig. 2 and SI Appendix, Fig. S6).
MIS 26 displays the most negative glacial maximum eNd value
in the entire studied time interval and documents an unusually
strong contribution of Nd from the surrounding continental
cratonic shield regions to the North Atlantic. This observation
is unique for Site 607 and is not observed at Site 926 further
downstream (SI Appendix, Fig. S7 F-J).

Moreover, between MIS 27 and 25 (~980 to 950 ka), Site
607 data document a striking deviation from the characteristic
glacial-interglacial eNd patterns (Fig. 2). While glacial maxima
show more positive eNd values than the bracketing interglacials
in all other known cases in the North Atlantic, as already noted,
the MIS-26 glacial maximum shows more negative eNd values
(—14.6) than interglacials MIS 25 (—13.4) and MIS 27 (—14.4)
(Figs. 1 and 2 and SI Appendix, Fig. S2). In addition, MIS 26 is
the only glacial maximum value that is more negative than
present-day (interglacial) NADW (eNd ~—13.5). Between MIS
26 and MIS 25 the negative eNd value reaches —15.8 (Fig. 2) in
a sample containing ice-rafted-detritus (IRD; SI Appendix, Fig.
S8). In order to evaluate whether this value falls within expecta-
tions from the data leading up to it or is exceptional, we per-
formed a statistical analysis of the predicted variability of the
MIS-26 excursion data compared to the trends shown by the
data from the previous glacial maxima and interglacial maxima
(SI Appendix, Fig. S7 and section 2). When viewed as part of
the sequence of data at Site 607 approaching the 900-ka event,
this extreme negative eNd value (marked with a star in all fig-
ures) falls outside of the 95% prediction band for both the
glacial and interglacial data. This means that the eNd value
measured for this point in time is inconsistent with both the
trends shown by the glacial maxima and the interglacial
maxima, and therefore it represents an exceptional event.
While the eNd-benthic '°C data in general show a negative
glacial-interglacial covariation, which is consistent with
increased SSW during glacials (SI Appendix, Figs. S4 and S5),
this data point falls outside of the eNd-benthic 5'°C covaria-
tion, providing further evidence that it is exceptional.

The MIS-27-to-25 “eNd excursion” is followed by the first
~100-ky interglacial-glacial cycle during MIS 25 to MIS 21,
which includes the MPT-AMOC disruption, shown by our
Atlantic transect to be basin-wide (SI Appendix, Fig. S2B), and
thus confirming its global impact. The new data presented in
the transect allow for a detailed characterization of the disrup-
tion throughout the Atlantic. For example, the eNd shifts at
Sites 607 and 926, in the North and Equatorial Atlantic,
between MIS 25 and MIS 22, are larger than the shifts at the
southern sites where the MPT-AMOC disruption was docu-
mented (~3 versus ~2 eNd units, respectively; ST Appendix, Fig.
S2B and ref. 7). Between MIS 24 and MIS 22 the North and
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Fig. 2. North Atlantic ¢eNd record approaching and through the MPT-
AMOC disruption. (A) LR04 benthic 5'80 data (78) and eNd from DSDP Site
607. (B) The 607 glacial maxima and (C) 607 interglacial maxima ¢Nd are
shown separately. The yellow horizontal band represents the range of
present-day NADW eNd values. The shaded gray band marks the MPT-
AMOC disruption interval (7), showing high eNd values between MIS 25
and 21. The blue vertical band marks the MIS-27-to-25 ¢Nd excursion that
immediately preceded the MPT-AMOC disruption. The MIS-26 glacial maxi-
mum eNd value is more negative than the adjacent MIS-27 and MIS-25
interglacial values, which is unique to the North Atlantic record. The star
plotted in all frames represents the highly negative eNd value within MIS
26.
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Equatorial Atlantic data record the shift, characteristic of the
100-ky world, to stronger Pacific-like glacial eNd signatures.
Possible mechanistic explanations for the unusually negative
eNd values in the deep North Atlantic during MIS 27 to 25 are
increased weathering of the surrounding continental cratons or
changes in the ocean circulation that creates NSW. The circula-
tion mechanism would require both changes in the proportions
of different water masses contributing to NSW (that is, Labra-
dor versus Nordic or Greenland seas) and a modified North
Atlantic circulation structure (18, 45). Considering NADW pre-
cursors, only shallow Baffin Bay water shows appropriately neg-
ative eNd values in the present day (to ~—26; ref. 46), which
are quickly diluted in the Labrador Sea, separating Baffin Bay
from the deep North Atlantic, such that eNd of Labrador Sea
water is ~ —14, already similar to NADW, while eNd values
more negative than —15 are neither observed south of ~51°N
nor deeper than ~400 m (46, 47). Thus, we find a circulation
mechanism to be unlikely, as it would require a means to trans-
form Baffin Bay water from a shallow buoyant water mass on
the Atlantic periphery to a water mass that impacts the main
Atlantic basin at depth. The circulation scenario also conflicts
with till-deposit-based geochemical evidence for increased pres-
ence of marine cold-based ice in the Baffin Bay—Labrador Sea
region during glacials younger than ~1.2 Ma. The presence of
cold-based ice would dampen circulation during glacials in this
region (18, 48). A simpler explanation is a change in cratonic
weathering/erosion by ice sheets, which could affect eNd values
of NSW precursor water masses and facilitate addition of Nd
with negative eNd values to the deep Atlantic (49, 50). While
these considerations do not preclude changes in the circulation

of the NADW precursors during MIS 27 to 25, they do indicate
intense cratonic weathering/erosion by the ice sheet as the
cause of the negative MIS-26 eNd values in the deep North
Atlantic, which is further buttressed by the observation of IRD
in Site 607 (SI Appendix, Fig. S8).

Our observations thus point to intense glacial cratonic ero-
sion during MIS 27 to 25, evidenced by the IRD (SI Appendix,
Fig. S8) and signifying oceanic release of icebergs (51). These
observations are consistent with the “regolith hypothesis” (1),
which posits that since the onset of the Northern Hemisphere
glaciation, soil and sedimentary rock removal from the conti-
nents, and the exposure of crystalline bedrock, led to a higher
frictional coefficient between the ice sheets and the surface
rock upon which ice sheets migrated (1). The increased friction
would facilitate thicker ice sheets, which in turn would respond
nonlinearly to Milankovitch orbital forcings, leading to pro-
longed and more intense ice ages. While we do not rule out
other explanations, we currently favor regolith loss as a viable
mechanism that could lead to our observations in the North
Atlantic.

Additional longer-term evidence for increased cratonic ero-
sion/chemical weathering approaching the shift to 100-ky glacial
cyclicity is given by the evolution of the long-lived radiogenic iso-
tope systems Sr, Pb, and Hf in the oceans (Fig. 3). For example,
seawater 8’Sr/*Sr ratios are uniform throughout the oceans, with
a residence time of ~2 to 5 My (52-54), more than three orders
of magnitude longer than the ocean mixing time. As a result, Sr
isotope ratios in seawater are highly buffered and thus resistant
to sudden changes. Through the Cenozoic Era there has been a
general increase in marine Sr-isotopes ratios, reflecting inputs

© BM1969.05 0O ALV539 o Blake 4 Antilles 4 55-663
o 109 D-C * GMAT 14D D11-1 CD29-2 O VA13/2
0.70918 19.3 -1
MPT Northern o X TRO79
AMOC Hemisphere OO 4
disruption Glaciation '90
— —
0.70916 | 192+ °
a o
0.70914
19.1 ;
2 N. Atlantic
= |
o
0.70012 | g - -
5 T 29 1
& 190 - . w
1] v v w
] b <
uh, s | g E/______E]-___.——'—_-
$ 070910 + = ] S 3 A
> -~ = R |
L3 .
& 2189 1 / 2 = Indian
0.70908 = | & @
O s 4+
= o “ oC_ 0
188 + b 9g8 © o 5
0.70906 o o o
8k ° ©
_ O@OOO ox ¥ 8 4 A o o
X X x o 1 iE
-+ X
0.70904 187 M 21 o = Facifie
B ®w os0 4 ° )
e ¢ s > A | -1 +
A ' B C D
0.70902 ; ; 18.6 +——t+ A } 8 +——if ; — — } ; }
0 1 2 3 4 0 1 2 3 0 1 2 3 a4 0 1 2 3 4
Age [Ma] Age [Ma] Age [Ma] Age [Ma]

Fig. 3. Pleistocene (A) Sr, (B) Pb, (C) Hf, and (D) Nd isotope data in Fe-Mn crusts from different oceanic basins. (A) The LOWESS Sr-isotopes fit of the
global synthesis version V4B 08 04 (80), courtesy of J. McArthur. The thin brown line shows the best estimate of the curve and light gray dashed lines
show the 95% confidence limits. In B, C, and D the Atlantic, Indian, and Pacific basins are marked with black, red, and blue, respectively. The Fe-Mn crusts
data are marked as follows. Atlantic: BM1969.05, black diamonds (58, 67); BM1969.05, black pluses (50); ALV539, black circles (61, 64, 66, 67); Blake, black
squares (64); Antilles, black axes (64); Indian: 109D, red squares (58, 61); SS663, red triangles (58, 61); Pacific: VA13/2, blue circles (59-61, 65); D11-1, blue
triangles (60, 62, 66); CD29-2, blue diamonds (60, 62, 66); and GMAT 14D, blue asterisks (81). Shaded yellow vertical bands mark the time intervals of the
Northern Hemispheric (NH) glaciation and the 900-ka event or AMOC disruption. Increasing Sr and Pb isotope ratios and decreasing Hf isotope ratios in
the Atlantic since intensification of NH glaciation between ~2.5 to 2.8 Ma (82, 83), versus small changes for Indian and Pacific samples, indicate increased

glacial erosion/weathering of NH cratons throughout the Pleistocene.
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from increased global weathering of the continents (e.g., refs.
54-57). Through the warm Pliocene Epoch (5.3 to 2.8 Ma),
ocean Sr isotope ratios remained nearly constant, but they
started to increase during the early Pleistocene, coeval with the
onset of the Northern Hemisphere glaciation (Fig. 34). Pb and
Hf isotope records of Fe-Mn crusts provide evidence that
weathering of the Archean—Paleoproterozoic cratons surround-
ing the North Atlantic by the continental ice sheets are primary
contributors to this increase (33, 50, 58-67). Hf and Pb have
residence times shorter than or similar to Nd, and thus their
isotope ratios, like eNd, vary within the different ocean basins.
In the North Atlantic since ~2.5 to 2.8 Ma, Pb and Hf isotope
ratios show dramatic and persistent secular changes consistent
with increased cratonic weathering (that is, increasing Pb and
decreasing Hf isotope ratios), while the other basins remain
constant or show much smaller changes (Fig. 3 B and C). These
data thus clearly mark the Northern Hemisphere continents as
a major source of increased erosion through the Pleistocene.
Moreover, the secular trends toward a stronger cratonic finger-
print through time may indicate input of increasingly older con-
tinental crust. Nd isotopes in the North Atlantic Fe-Mn crusts
show changes from eNd ~—12 to ~—13, also consistent with
increased Pleistocene cratonic erosion (Fig. 3D). The Pb and
Hf isotope patterns lend additional support to erosion of rego-
lith in the cratonic areas through the early and mid Pleistocene,
which would result in the increased exposure of fresh crystal-
line Archean—Paleoproterozoic bedrock.

Focusing in on the interval of ~1.4 to 1.0 Ma approaching
the MPT-AMOC disruption and the interglacial-glacial cyclicity
shift, the marine Sr isotope record shows a particularly high
rate of increase (Fig. 4C and SI Appendix, Fig. S9), consistent
with an increased rate of ice-sheet-mediated continental weath-
ering during this critical time interval. This would also bring in
an increased amount of Nd with highly negative eNd values,
which is most clearly seen in the MIS-27-to-25 eNd excursion at
Site 607, and also in recently published data (68, 69) from ODP
Site 1063 (33.41°N, 57.36°W, 4,584 m), a drift deposit on the
deep Atlantic abyssal plain (S Appendix, Fig. S1 and discussed
below). We note that the timing of the shallowing of the Sr iso-
tope trend at ~1 Ma is not well-constrained, and in Fig. 4 it
appears to occur prior to MIS 27. However, the lower density
of available data between ~1.4 and 1.1 Ma, compared to older
and younger ages, and the relatively high spread of the data at
~1 Ma (Fig. 4) makes it difficult to precisely constrain the tim-
ing of the shallowing of the slope, as seen from other studies
that place it at ~1 Ma (Fig. 3, SI Appendix, Fig. S9, and ref. 70).
Moreover, the long marine residence time of Sr (2 to 5 My,
three orders of magnitude longer than the ocean mixing time)
makes it insensitive to any short-term perturbations, unlike Nd
isotopes, which record ocean changes on subglacial-interglacial
timescales. This means that even an intense short-term eNd
excursion like the one during MIS 27 to 25 is unlikely to be
observable in the Sr isotope record. In summary, Sr isotopes
can only record long-term trends while Nd isotopes can record
short-term events. Although it is unclear whether the shallow-
ing of the trend shown by marine Sr isotopes overlaps with the
MIS-27-to-25 event, its steep slope between ~1.4 and 1.0 Ma
points to intense continental weathering. In addition, the Hf
and Pb isotopes point to the Northern Hemisphere cratons as
the locus of increased weathering throughout the Pleistocene.
Together, these observations from the Sr, Hf, and Pb isotopes
are consistent with the eNd data for Site 607 during the MIS-
27-to-25 eNd excursion that directly preceded the shift to 100-
ky interglacial-glacial cycles.

While the Sr isotope ratios indicate increasingly intense con-
tinental cratonic ice-sheet erosion between ~1.4 and 1.0 Ma,
the evidence from Nd isotopes in the North Atlantic Site 607
over the time interval approaching the MIS-27-to-25 event is
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Fig. 4. Extended view of circulation and weathering proxies from the

early Pleistocene. (A) LR04 benthic §'80 stack (78) for stratigraphic refer-
ence, including the glacial (empty circles) and interglacial (full circles)
minima and maxima of the studied interval. (B) Site 607 benthic §'3C (45);
filled (interglacial maxima) and open (glacial maxima) circles and small
diamonds (transitional points) represent samples used for eNd analysis.
The purple star represents the most negative eNd point during the MIS-27-
to-25 eNd excursion (yellow vertical band), just before the MPT-AMOC dis-
ruption (green vertical band). (C) Seawater ’Sr/%®sr from DSDP Site 758
(84) smoothed data (over ~40-ky window, dark red line), showing a
steeper slope between ~1,400 to 1,100 ka (gray vertical band), indicating
increased continental weathering rates.

equivocal. Our linear regression analyses of all the seven glacial
maxima data between MIS 38 and 26 in Site 607, and any com-
bination of six of the data points, show statistically significant
trends toward increasingly negative eNd values, consistent with
increased continental erosion. However, if both MIS 38 and
MIS 26 are excluded, the five remaining data points show no
trend (Fig. 24 and SI Appendix, Fig. S7 and section 2). As
already noted, MIS 26 in Site 607 remains significant as the
only known instance where the glacial eNd value is more nega-
tive than the bracketing interglacials, and the regression analy-
sis shows that the highly negative transitional data point
between MIS 26 and 25 falls outside of the 95% prediction
band for all the linear regression tests (SI Appendix, Fig. S7).
Nevertheless, evidence for intense cratonic erosion during the
latter part of this interval is shown in a recent study (68) of
drift-deposit Site 1063 from the northwest Atlantic abyssal plain
(SI Appendix, Fig. S1), which found that this site exhibits
extremely negative eNd values throughout the late Pleistocene
(SI Appendix, Fig. S10). The Site 1063 data are not consistent
with the AMOC structure, as shown by the meridional transect
(Fig. 1 and SI Appendix, Figs. S2 and S6). Rather, they reflect
the input of Nd from the Canadian shield, eroded into the
North Atlantic (68). eNd values at Site 1063 just prior to the
MPT-AMOC disruption (between MIS 29 and MIS 25) are par-
ticularly negative compared to the rest of this site’s record,
reaching —26 during MIS 27 (SI Appendix, Fig. S10), signaling
an exceptionally high cratonic contribution.

The glacial eNd values at Site 607 leading up to the MIS-27-
to-25 negative eNd excursion, while slightly more positive than
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the interglacial values, are still quite negative relative to the post
MPT-AMOC disruption glacial values, and fall within the range
of present-day NADW (Figs. 1 and 2). We suggest two mecha-
nistic scenarios (Fig. 5) to explain this observation. One scenario
attributes these negative glacial eNd values to the culmination of
increased exposure of the underlying older cratonic continent as
a consequence of regolith removal by the ice sheets (Figs. 3 and
5 A, C, and D and ref. 71). The second scenario would reflect
shifting of the location of the Nd weathering source regions into
the North Atlantic basin to areas where older cratonic regions
are exposed, driven by the regolith removal and ice-sheet migra-
tion over the North American continent (Fig. 5B). Of course,
the changes observed in the deep North Atlantic eNd values
could be the result of a combination of both scenarios, and
future studies may be able to distinguish between them, using
combined observations from geochemistry and ice-sheet dynam-
ics (32). In both scenarios, throughout the early Pleistocene, the

A

Scenario 1

more “slippery” regolith was gradually removed, exposing crys-
talline bedrock that was less slippery and much more resistant to
erosion. The ice sheet in contact with crystalline bedrock would
dominate the 100-ky world, where in addition the signal from
glacial incursions of SSW (Fig. 5D and discussed below) over-
whelmed any weathering signal at Site 607. This is also the case
for the glacial eNd values at Site 1063 after MIS 25, which
mostly overlap with Site 607, in contrast to interglacials and tran-
sitional intervals (SI Appendix, Fig. S10).

The AMOC Structure and the Onset of the 100-ky World

Although the Site 607 eNd values indicate increased cratonic
weathering into the North Atlantic during the MIS-27-to-25
eNd excursion, ocean circulation changes, revealed by the ben-
thic foraminiferal '°C record, indicate increasing SSW influ-
ence during the same time interval (Fig. 4B). This difference
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A schematic speculative cartoon describing the different weathering scenarios that could explain the ¢eNd data of the North Atlantic basin at Site

607. Scenario 1 (A) represents contributions of Nd to the North Atlantic basin during regolith removal where the regolith shows higher ¢éNd than the
underlying crystalline cratonic basement. In scenario 2 (B) the change in Nd isotopic input into the North Atlantic basin is due to the lateral migration of
the source areas of the weathering products into areas with exposed older cratonic material, as the ice sheets evolved since the Northern Hemispheric
Glaciation. In both cases, during the Early Pleistocene glacials (A and B) the low frictional coefficient between ice and weathered regolith material
resulted in smaller and thinner ice sheets that may not have reached the subpolar coastal regions. Simultaneously, the strong influence of SSW in the
deep North Atlantic basin, characteristic of post-MPT glacials, had not yet begun. (C) The increased exposure of fresh crystalline material supported
thicker and more extensive marine-terminating ice sheets (1) and increased erosional efficiency. Right before the MPT-AMOC disruption, during the MIS-
27-to-25 eNd excursion, these developments along with increased ice-mass loss due to the contact with the ocean allowed for major phase of regolith
removal along with an increased flux of older continent containing lower eNd values. At the same time, the SSW impact moderately increased, as can be
seen from the benthic §'3C data at Site 607 (see Fig. 4B). (D) Following the MPT-AMOC disruption, eNd of the North Atlantic basin during glacials was
strongly influenced by SSW that has overwhelmed the erosional signal.
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between evidence from the benthic §°C and from eNd further
strengthens the interpretation that the MIS-27-to-25 eNd excur-
sion represents an erosion/weathering event in the Northern
Hemisphere cratons rather than a change in the water-mass
structure. Following MIS 25, that is, during the MPT-AMOC
disruption and afterward, the effect of increased SSW in the
deep North Atlantic during glacials is apparent in both the ben-
thic '°C and the eNd records (Figs. 1C, 4B, and 6E and SI
Appendix, Figs. S2 and S44). In other words, during the MPT-
AMOC disruption and afterward, the glacial benthic §"*C val-
ues of the deep North Atlantic are lower and eNd values are
more positive. The inverse correlation between eNd and
benthic §'°C, indicating a stronger SSW signal, is consistent
with major glacial SSW incursions into the deep North Atlantic
basin in the 100-ky world. We suggest that in the 100-ky world
the domination of SSW in the deep North Atlantic over-
whelmed the impact of cratonic weathering on the eNd values
at Site 607 (Figs. 4B and 5 C and F and SI Appendix, Fig. S10).
The more positive glacial eNd values after the MPT-AMOC
disruption may have also been facilitated by lower cratonic
weathering rates, as indicated by the shallowing of the slope
of seawater *’Sr/*°Sr ratios at ~1.0 Ma (Figs. 4C and 6 and
SI Appendix, Fig. S9). The increased glacial SSW presence
affected other parts of the North Atlantic basin as well, as seen
from a comparison between Sites 607 and 1063 (SI Appendix,
Fig. S10). While the interglacials and transitional intervals at
Sites 1063 and 607 diverge after the MPT-AMOC disruption,
the similarity of the glacial values at both sites further corrobo-
rates the glacial domination of SSW throughout the entire
North Atlantic basin following MIS 26 (68).

Our data are consistent with previous suggestions that the
MPT was the time when ice sheets reached a critical stability
level that instigated major AMOC structure changes during gla-
cials, as evidenced by the positive glacial eNd values observed
in the deep North Atlantic at both Sites 607 and 1063 since
MIS 26 (Figs. 1B and 24 and ref. 7). Approaching the cyclicity
shift, the negative glacial eNd values during MIS 27 to 25 (SI
Appendix, Fig. S10) and the presence of IRD within MIS 26 (S
Appendix, Fig. ST) are consistent with our preference for glacial
erosion of the cratons and ice-sheet-driven regolith removal
among possible explanations. We speculate that during the
early Pleistocene the ice sheet was thin because it slid easily on
the deformable regolith that was present on the continents
beneath the ice. The resulting thinner ice sheets did not reach
all the way to the subpolar coastal areas of the Northern Hemi-
sphere continents. In this case, weathering products entered
the ocean via rivers rather than glacier systems and icebergs.

during the 900-ka event. (C) Global sea water 8/Sr/%°Sr ratios recorded at
DSDP Site 758 (84). The arrows mark the increase in weathering rates over
the pre-AMOC-disruption period (the change in slope is shown more dis-
tinctly in Figs. 3 and 4). The dark blue line represents smoothing over a
~40-ky window. (D) Sea surface temperatures (SST) from Site 607 (3, 87),
showing decreasing SST prior to the 900-ka event. The dark green line rep-
resents smoothing over a ~23-ky window. (E) eNd of the transect for gla-
cial maxima, including data from this study and published works (7, 22, 79,
88). The MIS-27-t0-25 ¢Nd excursion and effects of the MPT-AMOC disrup-
tion are clear in Site 607. (F) SST from the Antarctic Zone (AZ; ref. 11) Site
1094. The dark green line is as in D and shows a later occurring and a
more gradual decrease in Southern Hemisphere SST. (G) SST and bottom
water temperature gradients from Site 1094 (11). (H) Sub-Antarctic Zone
iron-based dust flux (gray line; ref. 89). The blue diamonds represent
binned averages of glacial iron flux maxima (90). The dashed lines
represent average fluxes before and after the MPT-AMOC disruption. The
vertical shaded yellow area represents the MPT-AMOC disruption, which
represents a major change in the meridional Atlantic water-mass structure
and a weakening of the NSW influence (abbreviated as AD; ref. 7). The
shaded blue band represents the MIS-27-to-25 ¢Nd excursion.
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Regolith removal resulted in exposure of crystalline bedrock,
whereby the ice sheet became hard-bedded and the sliding
coefficient decreased (that is, the ice sheet slid slower for a
given driving stress). This resulted in a thicker ice sheet that
advanced toward the ocean. The MIS-27-to-25 eNd excursion
may represent a critical stage when Northern Hemisphere ice
sheets finally became marine-terminating. This change in set-
ting would have caused accelerated ice-mass loss, leading to
increased freshwater contributions into the North Atlantic
basin through calving and iceberg production (as evidenced by
the IRD; SI Appendix, Fig. S7 and refs. 72 and 73). This would
lead in turn to a basin-wide weakening of the NSW cell influ-
ence during the AMOC disruption. Then, as the ice sheet lost
mass and the balance between snow accumulation, ice flow and
ice-mass loss was regained, ice outflow would have decreased.
Nevertheless, the permanent change in the bedrock (that is, the
loss of regolith) would have left the ice sheet thicker than it
was before, which allowed for the persistence of the 100-ky
glacial-interglacial cycles. In summary, we suggest that the evo-
lution of the ice sheets from those characteristic of the 41-ky
world to those characteristic of the 100-ky world involved two
transitions, an earlier one from soft-bedded to hard-bedded
and a later one from terrestrial- to marine-terminating.

The observations from the North Atlantic (Fig. 2 and SI
Appendix, Fig. S10) thus indicate that cratonic erosion by ice
sheets played a major role in the MPT, leading to two critical
events: a major erosional event reflected by the MIS-27-to-25
eNd excursion, followed by the MPT-AMOC disruption that
included the 900-ka event, which in turn was followed by funda-
mental changes in the large-scale variability and temporal
patterns of the global climate system (Fig. 6). Our results are
consistent with previous studies showing ice-sheet expansion
and thickening (1, 5), surface and bottom water gradual cooling
(3, 14), freshening of the North Atlantic (74), and changes in
the global weathering rate (1, 75) prior to the 900-ka event
(Fig. 6 C and D).

Northern and Southern Hemispheric Processes That Led to
the 900-ka Event

While this study focuses on events in the North Atlantic, the cli-
mate system is globally interconnected, and other recent studies
point to linkages between Southern Hemisphere processes/
events, the global carbon cycle, and the 900-ka event (e.g., Fig.
3 F-H). For example, enhanced glacial dustiness resulted in
increased iron fertilization in the Southern Ocean (Fig. 6H and
ref. 12), while decreased Southern Ocean ventilation increased
the oceanic carbon storage capacity (Fig. 6 F and G and ref.
11). Together, these enabled pCO, drawdown, which facilitated
larger ice sheets and contributed to the intensification of gla-
cials. A recent study (10) emphasizes the tight coupling
between changes in AMOC structure and the increased oceanic
carbon-storage capacity in the Southern Ocean that facilitated
CO, drawdown. These changes are directly associated with the
900-ka event. In the case of increased carbon storage (10)
the direct relation to a weaker NSW influence throughout the
Atlantic indicates a Northern Hemisphere cause, consistent
with our data pointing to the Northern Hemisphere ice-sheet
dynamics as a major driver for the shift. The AMOC structure
changes that are revealed by the eNd data reflect the competing
effects of SSW versus NSW, where the larger glacial standing
volume of the high CO, content SSW would further amplify
the glacial-interglacial atmospheric CO, fluctuations that are
observed after the 900-ka event. Importantly, our Nd-isotope
data, along with other patterns in the North Atlantic preceding
the 900-ka event (Figs. 3 and 6), show that Northern Hemi-
sphere changes temporally preceded these Southern Hemi-
sphere shifts.
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Summary

This study presents insights into the connections between the
Northern Hemisphere ice-sheet activity and past AMOC
structure fluctuations. Our north-to-south Atlantic reconstruc-
tion of the AMOC structure using Nd isotopes reveals the
critical role of events and processes in the Northern Hemi-
sphere in the lead up to the transition from ~41- to 100-ky
interglacial-glacial cycles. Erosion/weathering of the cratons
surrounding the North Atlantic increased since the onset of
Northern Hemisphere glaciation, as evidenced by the secular
changes in marine Sr, Pb, and Hf isotopes (Fig. 3), with Sr iso-
topes indicating particularly accelerated rates of erosion/weath-
ering during the interval of ~1.4 to 1.0 Ma (Figs. 3 and 4 and
SI Appendix, Fig. S7). During MIS 27 to 25 (~980 to 950 ka) an
extraordinarily intense phase of erosion/weathering is revealed
by an eNd excursion to unusually negative values at North
Atlantic DSDP Site 607, which included iceberg activity of
marine-terminating ice sheets, as evidenced by IRD. The ensu-
ing freshening of the North Atlantic led to the MPT AMOC
disruption (7), the first intensified glacial cycle that lasted ~100
ky (MIS 25 to 21, 950 to 860 ka). The 100-ky glacial cycles that
have since dominated to the present day have been stabilized
by the increased friction between the Northern Hemisphere
continental ice sheets and the bedrock surface that likely
resulted from the shedding of the regolith, as well as increased
CO, storage capacity in the oceans.

Materials and Methods

The sediment core samples collected were gently sieved with deionized water
to separate coarse fractions (>63 pm), which were then dried in a laboratory
oven below 50 to 55 °C. For foraminifera samples, 20 to 50 mg of foraminifera
were hand-picked from the >355-um, >300-um, and/or >250-um fractions. For
fish debris samples, at least 40 pg of fish debris were hand-picked. Foraminif-
era shells were gently crushed in order to open chambers, and any detrital
materials observable under the microscope were manually removed. The sam-
ples then underwent ultrasonic agitations and resuspensions in Milli-Q water
and methanol to further remove any remaining clay material. This process
was repeated until the supernatant fluid became clear. The cleaned foraminif-
era samples were then dissolved by adding 0.5 mL of Milli-Q and 100 pL of con-
centrated acetic acid to the samples and through ultrasonication. Subsequent
addition of 100 pL of concentrated acetic acid and multiple ultrasonications
were repeated until the complete dissolution of the foraminifera fragments.
The fish debris samples were cleaned using a procedure similar to that for the
foraminifera for clay removal and were then dissolved in a 1:1 solution of 1 N
nitric and 1 N hydrochloric acids. Next, the samples were processed through
Tru-Spec column chemistry, to separate and collect rare earth elements, fol-
lowed by Ln-Spec column chemistry to separate and collect Nd.

43N d/"**Nd ratios were measured using the ThermoScientific Neptune Plus
multicollector inductively coupled plasma mass spectrometer at the Lamont-
Doherty Earth Observatory of Columbia University. Instrumental mass bias
was corrected using an exponential mass fractionation law using **Nd/'**Nd
=0.7129. "3Nd/"*Nd values for samples were adjusted to a value for the JNdi
standard of "Nd/"*Nd = 0.512115 (76). All sample measurements were
bracketed by standards to monitor instrumental drift and corrected accord-
ingly. External reproducibility from routine runs of the JNdi standard ranged
from =11to +21 x 10°° (2SD) during multiple measurement sessions, return-
ing external errors of £0.21 to 0.40 eNd units (2 SD). In-run measurement
precision was much better than the external reproducibility; however, if the
internal precision was worse than external errors, internal errors are reported.
The ¢Nd data presented in this paper are listed in S/ Appendix, Tables S1, S2,
and S3 (10, 41, 77).

Data Availability. Nd isotopes for International Ocean Discovery Program Sites
607 (41) and 926 (77) have been deposited in EarthChem Data Library (https://
doi.org/10.26022/IEDA/111576  and  https://doi.org/10.26022/IEDA/111588,
respectively).
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